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(54) Telescope for a free-space wireless optical communication system 



(57) A free-space wireless optical communication 
system is disclosed that utilizes a telescope design hav- 
ing aspherical mirrors, such as a Richey-Chetrien (RC) 
telescope. RC telescopes are characterized by a con- 
cave primary mirror and a convex secondary mirror 
each having a hyperbolic shape. The mirror configura- 
tion of the present invention allows the primary and sec- 
ondary mirrors to be positioned closer together than 
conventional designs, allowing for a very compact sys- 
tem. The disclosed mirrors can be thin and lightweight, 
allowing for a lightweight telescope unit. The mirror con- 



figuration of the present invention provides a larger focal 
plane, allowing for automatic alignment between a 
transmitter and receiver with a stationary or fixed mirror 
design, further contributing to a lower fabrication cost, 
and can be fabricated with large diameters, allowing the 
transmission of high beam intensities at eye-safe levels 
since the energy is spread over a large area. A number 
of fabrication techniques are disclosed that permit the 
optical telescopes of the present invention to be fabri- 
cated at a reasonable cost that permits such optical tel- 
escopes to be deployed in wireless optical communica- 
tion systems. 
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Description 

Cross-Reference to Related Applications 

[0001] The present invention is related to United 
States Patent Application entitled "Point-to-Multipoint 
Free-Space Wireless Optical Communication System," 
(Attorney Docket Number 92-4), United States Patent 
Application entitled "Method and Apparatus for Control- 
ling Received Power Levels Within a Free-Space Opti- 
cal Communication System," (Attorney Docket Number 
HM Presby 94-6), United States Patent Application en- 
titled "Method and Apparatus for Aligning Telescopes 
Within a Free-Space Optical Communication System" 
(Attorney Docket Number HM Presby 95-7) and United 
States Patent Application entitled "Method and Appara- 
tus for Communication Signal Autotracking Within a 
Free-Space Optical Communication System" (Attorney 
Docket Number Ahrens 7-93-5), each filed contempo- 
raneously herewith, assigned to the assignee of the 
present invention and incorporated by reference herein. 

Field of the Invention 

[0002] The invention is related to the field of free- 
space wireless optical communications, and more par- 
ticularly, to improved optical telescopes for free-space 
wireless optical communication systems. 

Background of the Invention 

[0003] In wireless optical communication systems, 
the optical signal propagates in free space. In contrast 
to radio frequency (RF) communication systems, optical 
wireless communication systems are extremely direc- 
tional. Thus, precise alignment is required between the 
transmitting unit and the receiving unit, often referred to 
as transmitting and receiving telescopes, respectively. 
The highly directional nature of wireless optical commu- 
nication systems, however, provides the advantage of 
improved security, since the optical signal can only be 
intercepted along the path of the transmitted light. In ad- 
dition, the optical portion of the spectrum is not regulated 
by the government. Thus, a government license is not 
required to operate the optical transmitter and receiver 
telescopes, unlike a comparable radio frequency (RF) 
wireless communication system. More importantly, the 
bandwidth or information carrying capacity of optical 
wireless systems is much greater than that of RF wire- 
less communication systems. 

[0004] Wireless optical communication systems have 
an advantage over fiber-based optical communication 
systems as well, since wireless communication systems 
do not require a physical connection between the trans- 
mitter and the receiver. In an urban environment, it can 
be difficult to install a physical connection, such as an 
optical fiber, between two buildings, especially if the 
buildings are separated by a street, another building or 



a body of water. A wireless optical link only requires an 
unobstructed path between the transmitter and the re- 
ceiver, which is generally easier to achieve in an urban 
environment than a physical link. 

5 [0005] FIG. 1 illustrates a conventional wireless opti- 
cal system 100. As shown in FIG. 1 , a conventional wire- 
less optical system 1 00 typically includes a transmitting 
telescope 1 1 0, for forming a transmitted beam 1 1 5 that 
is aimed at a receiving telescope 120. Typically, the op- 

10 tical signal to be transmitted is originally emitted from a 
semiconductor laser and then may be amplified with an 
optical amplifier. The emitting facet of the laser (or an 
optical fiber into which the laser is coupled) lies at the 
front focal plane of the transmitting telescope 1 1 0. The 

15 received signal is typically collected with a photodetec- 
tor (or an optical fiber connected to the photodetector) 
positioned at the focal plane of the receiving telescope 
120. For a more detailed discussion of conventional 
wireless optical systems 100, see, for example, RF. 

20 Szajowski, "Key Elements of High-Speed WDM Terres- 
trial Free-Space Optical Communications Systems," 
SPIE Paper No. 3932-01, Photonics West (Jan. 2000), 
incorporated by reference herein. 
[0006] Currently, the telescopes 1 1 0, 1 20 in most con- 

25 ventional wireless optical systems 100 were designed 
primarily for astronomical applications and have been 
adapted for use in optical communication systems 100. 
Most conventional telescopes include two mirrors and 
an optical detector, such as a photodetector. The prima- 

30 ry mirror reflects the received optical signal to a second- 
ary mirror that in turn redirects the received optical sig- 
nal to the optical detector for collection and processing. 
Typically, optical telescopes are characterized by a con- 
cave primary mirror and a concave secondary mirror 

35 that are spherical in shape. 

[0007] While such conventional optical telescopes 
perform satisfactorily for many optical communication 
system installations, they suffer from a number of limi- 
tations, which if overcome, could significantly improve 

40 the performance of such optical communication sys- 
tems. Specifically, it is desirable to extend the band- 
width, link range and reliability of such optical commu- 
nication systems to ever increasing levels. Nonetheless, 
it is desirable to achieve improved optical telescopes 

45 that remain lightweight and compact, can be manufac- 
tured at a low cost and are capable of efficiently trans- 
mitting optical power at eye-safe levels. 

Summary of the Invention 

50 

[0008] Generally, a free-space wireless optical com- 
munication system is disclosed that satisfies the above- 
stated objectives of improved bandwidth, link range and 
reliability, relative to conventional designs. The dis- 
55 closed free-space wireless optical communication sys- 
tem utilizes a telescope design having aspherical mir- 
rors, such as a Richey-Chetrien (RC) telescope. RC tel- 
escopes are characterized by a concave primary mirror 
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and a convex secondary mirror each having a hyperbol- 
ic shape. 

[0009] The present invention provides a mirror con- 
figuration that allows the primary and secondary mirrors 
to be positioned closer together than conventional de- 
signs, allowing for a very compact system. The dis- 
closed mirrors are not formed of thick bulk glass. Thus, 
the mirrors can be thin and lightweight, allowing for a 
lightweight telescope unit. In addition, the present inven- 
tion provides a larger focal plane that allows for auto- 
matic alignment between a transmitter and receiver with 
a stationary or fixed mirror design, further contributing 
to a lower fabrication cost. Furthermore, the mirrors can 
be fabricated with large diameters, to allow the trans- 
mission of high beam intensities at eye-safe levels since 
the energy is spread over a large area. 
[001 0] Generally, the hyperbolic mirrors of the present 
invention are more complex and expensive to fabricate 
than the spherical mirrors or lenses that have typically 
been utilized in wireless optical communication sys- 
tems. Thus, a number of fabrication techniques are dis- 
closed that permit the optical telescopes of the present 
invention to be fabricated at a reasonable cost that per- 
mits such optical telescopes to be deployed in wireless 
optical communication systems. 
[001 1 ] A more complete understanding of the present 
invention, as well as further features and advantages of 
the present invention, will be obtained by reference to 
the following detailed description and drawings. 

Brief Description of the Drawings 

[0012] 

FIG. 1 is a block diagram of a conventional wireless 
optical communication system; and 
FIG. 2 illustrates a Richey-Chetrien (RC) optical tel- 
escope that may be used in the wireless optical 
communication system of FIG. 1 in accordance with 
the present invention. 

Detailed Description 

[0013] The present invention provides improved opti- 
cal telescopes for wireless optical communication sys- 
tems that satisfy the above-stated objectives of im- 
proved bandwidth, link range and reliability, relative to 
conventional designs. According to one feature of the 
present invention, Richey-Chetrien (RC) telescopes, 
discussed further below in conjunction with FIG. 2, are 
utilized in wireless optical communication systems. RC 
telescopes have previously been used only for large as- 
tronomical telescopes, including the Hubble Space Tel- 
escope. For a detailed discussion of conventional appli- 
cations and parameters of RC telescopes, see, for ex- 
ample, Daniel J. Schroeder, Astronomical Optics, 
94-109 (Academic Press, 1987), incorporated by refer- 
ence herein. Generally, RC telescopes are character- 



ized by a concave primary mirror and a convex second- 
ary mirror each having a hyperbolic shape. 
[0014] FIG. 2 illustrates an RC optical telescope 200 
in accordance with the present invention. As shown in 

5 FIG. 2, the optical telescope 200 is comprised of a con- 
cave primary mirror 21 0 and a convex secondary mirror 
220, each having a hyperbolic shape. As discussed fur- 
ther below, the present invention provides the primary 
mirror 21 0 and secondary mirror 220 in a configuration 

10 that allows the mirrors 21 0, 220 to be positioned closer 
together than conventional designs. The primary mirror 
21 0 reflects the received optical signal 240-1 to the sec- 
ondary mirror 220 that in turn redirects the received op- 
tical signal 240-2 through a hole 250, generally in the 

15 center of the primary mirror 210, to an optical detector 
225-R positioned at the focal plane 230, for collection 
and processing. The focal plane 230 may also be posi- 
tioned in front of the primary mirror 210, as would be 
apparent to a person of ordinary skill in the art. Although 

20 illustrated as a single on-axis ray, the received optical 
signal 240 is a conically converging bundle of light com- 
ing to a focus at the optical detector 225-R. 
[0015] The RC optical telescope 200 of the present 
invention can be further characterized by the conic con- 

25 stants of the mirrors 210, 220. Specifically, while prior 
art telescopes are characterized by mirrors having conic 
constants of 0 (spherical mirrors) and -1 (paraboloidal 
mirrors), the present invention contemplates hyperbo- 
loidal and aspherical mirrors 21 0, 220 having conic con- 

30 stants that are less than -1. The precise specifications 
for an illustrative RC optical telescope 200 in accord- 
ance with the present invention are set forth below, in a 
section entitled "Hyperbolic Mirror Specifications." 
[0016] Generally, the hyperbolic mirrors of the present 

35 invention are more complex and expensive to fabricate 
than the spherical mirrors or lenses that have typically 
been utilized in wireless optical communication sys- 
tems. Thus, as discussed further below in a section en- 
titled "Hyperbolic Mirror Fabrication Techniques," anoth- 

40 er feature of the present invention provides several tech- 
niques that permit the optical telescopes of the present 
invention to be fabricated at a reasonable cost that per- 
mits such optical telescopes to be deployed in wireless 
optical communication systems. 

45 [0017] According to yet another feature of the present 
invention, the RC telescopes of the present invention 
provide a larger field of view 230 than conventional New- 
ton ian designs that focus a received signal at one ideal 
point. Rather, the hyperbolic mirror design of the present 

50 invention provides a large focal plane or collection area 
230 (on the order of one square centimeter) for captur- 
ing the received signal 240. While the illustrative optical 
telescope 200 in FIG. 2 is shown only in a receiving 
mode, the optical telescope 200 can be configured in 

55 transmitting or bi-directional modes as well, as would be 
apparent to a person of ordinary skill in the art. 
[0018] In a transmission mode, the optical signal to 
be transmitted is emitted from a semiconductor laser. 
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Thus, the emitting facet of the laser (or a transmitting 
optical fiber 225-T into which the laser is coupled) lies 
at the focal plane 230 of the transmitting telescope 200. 
The received signal 240 is collected with a photodetec- 
tor (or a receiving optical fiber 225-R connected to the 
photodetector) positioned at the focal plane 230 of the 
receiving telescope 200. Thus, the transmit and receive 
fibers 225-T, 225-R are positioned in the field of view 
230 of the telescope 200, as shown in FIG. 2. 
[001 9] As previously indicated, optical signals are ex- 
tremely directional. Thus, two communicating tele- 
scopes 200 must be substantially aligned with one an- 
other. Nonetheless, atmospheric diffraction effects can 
cause the transmitted beam to deviate from the carefully 
aimed path (beam wander). In addition, the alignment 
can be degraded as a result of temperature variations 
or movement of the transmitting unit or the receiving 
unit, for example, when one or both structures upon 
which the transmitting or receiving telescopes are 
mounted move. Thus, according to another feature of 
the present invention, the transmit or receive fibers 
225-T, 225-R (or both) can be repositioned within the 
larger focal plane 230 of the optical telescope 200 to 
account for misalignment between a transmitter and re- 
ceiver. The transmit or receive fibers 225-T, 225-R (or 
both) can be repositioned within the larger focal plane 
230, for example, using x-y-z piezoelectric stages or mi- 
cropositioner x-y-z stages, commercially available, for 
example, from Melles Griot of Irvine, CA. 
[0020] Thus, the present invention provides for auto- 
matic alignment between a transmitter and receiver with 
a stationary or fixed mirror design. In other words, the 
present invention permits angle of arrival errors to be 
corrected in the focal plane 230, by moving the transmit 
or receive fiber 225-T, 225-R or by providing an adjacent 
fiber in the focal plane 230 to capture the received sig- 
nal. In an alternate implementation, additional flexibility 
can be obtained by varying the angle of the secondary 
mirror 220 in the transmitting or receiving telescopes (or 
both). For a more detailed discussion of a suitable au- 
tomatic beam tracking technique based on dithering, 
see our co-pending United States Patent Application en- 
titled "Method and Apparatus for Aligning Telescopes 
Within a Free-Space Optical Communication System" 
(Attorney Docket Number HM Presby 95-7) and United 
States Patent Application entitled "Method and Appara- 
tus for Communication Signal Autotracking Within a 
Free-Space Optical Communication System" (Attorney 
Docket Number Ahrens 7-93-5), each filed contempo- 
raneously herewith, assigned to the assignee of the 
present invention and incorporated by reference herein. 
Generally, the disclosed dithering technique varies the 
position of the receive fiber 225-R in the z-direction. In 
this manner, if a received signal has insufficient power 
to be detected, the receive fiber 225-R can be withdrawn 
or "pulled back" in the z-direction to increase the angle 
of divergence and thereby capture some of the received 
power until focus is achieved. 



[0021] It is noted that rather than having the beam fo- 
cused on the photodetector or optical fiber, additional 
optics in the form of a field lens can be incorporated in 
the hole 250 of the primary mirror 21 0 to render a colli- 
5 mated beam exiting the hole 250 in the primary mirror 
210 for additional processing. A further focusing lens is 
then utilized to focus the beam onto the photodetector 
or into the optical fiber. 



[0022] As previously indicated, the hyperbolic mirrors 
of the present invention are generally more expensive 
to fabricate than the spherical mirrors that have typically 
been utilized in wireless optical communication sys- 
tems. Thus, according to another feature of the present 
invention, a number of fabrication techniques are dis- 
closed that permit the RC optical telescopes of the 
present invention to be fabricated at a reasonable cost. 
[0023] According to a first fabrication technique, re- 
ferred to herein as the "electro-formed metal mirror fab- 
rication technique," a metal alloy material, such as nick- 
el or gold, is deposited using an "inverse metal or glass 
master," such as a mandril to grow the mirror on the 
mandril surface. The mandril is intended for repeated 
use and may be fabricated, for example, using stainless 
steel or glass. Such electro-formed mirrors can be cus- 
tom-fabricated by Media Lario S.r.l of Italy. For informa- 
tion about Media Lario and its electro-formed mirror 
products, see http://www.media-lario.it/eng/index.htm, 
incorporated by reference herein. 
[0024] According to a second fabrication technique, 
referred to herein as the "diamond-turning mirror fabri- 
cation technique," a computer description is generated 
of the desired mirror shape, then a precision lathe ma- 
chines a metal form, such as stainless steel, to produce 
the mirror in the desired shape. For a general discussion 
of diamond-turning techniques, see, for example, The- 
odore T. Saito, "Diamond Turning of Optics: The Past, 
the Present, and the Exciting Future," Optical Engineer- 
ing, Volume 1 7, Number 6, 570-73 (1 978), incorporated 
by reference herein. 

[0025] According to yet another fabrication technique, 
referred to herein as the "casting fabrication technique," 
the hyperbolic mirrors are constructed using well-known 
casting techniques, such as those employed by Ball 
Aerospace & Technologies Corp. of Boulder, CO. 

Hyperbolic Mirror Specifications 



[0026] According to another feature of the present in- 
vention, the specifications of the RC telescope 200 are 
optimized for (i) a wide field of view with improved image 
quality, (ii) lighter weight, and (iii) shorter length, relative 
to conventional optical telescope designs. In one partic- 
ular embodiment, the primary mirror 21 0 has a diameter 
of 20 cm and has an asphere or hyperbolic shaped de- 
fined by a radius of curvature of 25 cm and a conic con- 
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stant of -1 .034. Likewise, the secondary mirror 220 has 
a diameter of 4.4 cm and has an asphere or hyperbolic 
shaped defined by a radius of curvature of 6.6 cm and 
a conic constant of -3.14. In this illustrative embodiment, 
the primary and secondary mirrors 21 0, 220 were each 
coated to provide high reflectivity at a wavelength of 1 .5 
microns. The spacing of the primary and secondary mir- 
rors 21 0, 220 in this illustrative embodiment is 1 0 cm. 
[0027] In another embodiment, the primary mirror 210 
has a diameter of 20 cm, and has an asphere or hyper- 
bolic shaped defined by a radius of curvature of 315.8 
mm and a conic constant of-1 .0667. Likewise, the sec- 
ondary mirror 220 has a diameter of 50.2 mm and has 
an asphere or hyperbolic shaped defined by a radius of 
curvature of 1 1 0.8 mm and a conic constant of -4.573. 
In this embodiment, the primary and secondary mirrors 
210, 220 were each coated to provide high reflectivity 
at a wavelength of 1 .5 microns. The spacing of the pri- 
mary and secondary mirrors 210, 220 is 12 cm. 
[0028] In yet another embodiment, the primary mirror 
210 has a diameter of 20 cm, and has an asphere or 
hyperbolic shaped defined by a radius of curvature of 
15 cm and a conic constant of -1.0097. Likewise, the 
secondary mirror 220 has a diameter of 2.9 cm and has 
an asphere or hyperbolic shaped defined by a radius of 
curvature of 2.3 cm and a conic constant of -1 .947. In 
this embodiment, the primary and secondary mirrors 
210, 220 were each coated to provide high reflectivity 
at a wavelength of 1 .5 microns. The spacing of the pri- 
mary and secondary mirrors 210, 220 is 6.5 cm. 

Hyperbolic Mirror Features 

[0029] The hyperbolic mirror design of the present in- 
vention provides a number of advantages relative to 
conventional spherical designs. As already mentioned, 
the hyperbolic mirrors can be fabricated at a relatively 
low cost using a number of identified fabrication tech- 
niques. In addition, the larger focal plane of the present 
invention provides for automatic alignment between a 
transmitter and receiver with a stationary or fixed mirror 
design, further contributing to a lower fabrication cost. 
[0030] In addition, the hyperbolic mirror design of the 
present invention allows the primary and secondary mir- 
rors 210, 220 to be positioned closer together than con- 
ventional designs allowing for a very compact system. 
Although the particular inter-mirror distances will vary 
with the conic constants, the illustrative specification set 
forth above provides an inter-mirror distance of only 
5-10 cm. 

[0031] Since the mirrors are not formed of thick bulk 
glass, the mirrors can be thin and lightweight, allowing 
for a lightweight unit. The mirrors can be fabricated with 
large diameters, to allow the transmission of high beam 
intensities at eye-safe levels since the energy is spread 
over a large area. A 20 cm telescope could safely trans- 
mit, for example, on the order of 1 watt at a wavelength 
of 1 .5 microns. 



[0032] It is to be understood that the embodiments 
and variations shown and described herein are merely 
illustrative of the principles of this invention and that var- 
ious modifications may be implemented by those skilled 
5 in the art without departing from the scope and spirit of 
the invention. 



Claims 

An optical telescope for a wireless optical commu- 
nications system, comprising at least two aspheri- 
cal mirrors. 

The optical telescope of claim 1, wherein said two 
aspherical mirrors are part of an RC optical tele- 
scope. 

The optical telescope of claim 1 , further comprising 
a field lens. 

The optical telescope of claim 1 , wherein said two 
aspherical mirrors are fixed. 

The optical telescope of claim 1, wherein at least 
one of said aspherical mirrors is constructed using 
an electro-formed mirror fabrication technique. 

The optical telescope of claim 1 , wherein at least 
one of said aspherical mirrors is constructed using 
a diamond-turning mirror fabrication technique. 

The optical telescope of claim 1, wherein at least 
one of said aspherical mirrors is constructed using 
a casting fabrication technique. 

The optical telescope of claim 1 , wherein one of 
said aspherical mirrors is a concave primary mirror 
and a second of said aspherical mirrors is a convex 
secondary mirror. 

The optical telescope of claim 1 , further comprising 
a receiving fiber positioned at a focal plane of said 
optical telescope. 

10. The optical telescope of claim 1 , further comprising 
a transmitting fiber positioned at a focal plane of 
said optical telescope. 



50 11. The optical telescope of claim 1 , comprising a con- 
cave primary mirror having a diameter of approxi- 
mately 20 cm and an asphere shape defined by a 
radius of curvature of approximately 25 cm and a 
conic constant of approximately -1 .034. 

55 

12. The optical telescope of claim 1 , comprising a con- 
vex secondary mirror having a diameter of approx- 
imately 4.4 cm and an asphere shaped defined by 
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a radius of curvature of approximately 6.6cm and a 
conic constant of approximately -3.14. 

13. A Richey-Chetrien (RC) optical telescope for a wire- 
less communications link, comprising: 5 

a concave aspherical primary mirror; 

a convex aspherical secondary mirror; and 

a receiving unit positioned at a focal plane of 

said secondary mirror. 10 

14. The RC optical telescope of claim 13, wherein said 
RC optical telescope is comprised of at least two 
hyperbolic mirrors. 

15 

15. The RC optical telescope of claiml 3, further com- 
prising a field lens. 

16. The RC optical telescope of claiml 3, wherein said 
two aspherical mirrors are fixed. 20 

17. The RC optical telescope of claim 13, further com- 
prising one or more fibers that may be repositioned 
within a focal plane of said RC optical telescope. 

25 

18. A method for receiving an optical signal in a free- 
space wireless communication system, comprising 
the steps of: 

capturing said optical signal using an aspheri- 30 
cal primary mirror; 

reflecting said captured optical signal using an 
aspherical secondary mirror; and 
redirecting said captured optical signal using 
said aspherical secondary mirror to an optical 35 
detector positioned at a focal plane of said as- 
pherical secondary mirror. 

19. A method for transmitting an optical signal in a 
transmitting telescope of a free-space wireless 40 
communication system, comprising the steps of: 

emitting said optical signal from a semiconduc- 
tor laser positioned at a focal plane of said 
transmitting telescope; 45 
capturing said optical signal using an aspheri- 
cal secondary mirror; 

redirecting said captured optical signal using 
said aspherical secondary mirror to an aspher- 
ical primary mirror; and 50 
reflecting said captured optical signal into free- 
space using said aspherical primary mirror. 
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